Tobacco blue mold, caused by the obligately biotrophic oomycete pathogen Peronospora tabacina D.B. Adam, is a major foliar disease that results in significant losses in tobacco-growing areas. Natural resistance to P. tabacina has not been identified in any variety of common tobacco. Complete resistance, conferred by RBM1, was found in N. debneyi and was transferred into cultivated tobacco by crossing. In the present study, we characterized the RBM1-mediated resistance to blue mold in tobacco and show that the hypersensitive response (HR) plays an important role in the host defense reactions. Genetic mapping indicated that the disease resistance gene locus resides on chromosome 7. The genetic markers linked to this gene and the genetic map we generated will not only benefit tobacco breeders for variety improvement but will also facilitate the positional cloning of RBM1 for biologists.
Introduction
Common tobacco (Nicotiana tabacum L.) is one of the most important non-food crops worldwide, and is also a model plant for biological research [1, 2] . Considerable interests have been focused on the molecular mechanisms underlying disease resistance to numerous pathogenic microbes in tobacco [3, 4] . Several species of oomycetes, also known as water molds, are among the most devastating plant pathogens that cause notable diseases such as late blight of potato, downy mildew of grape vine, and root and stem rot of soybean. Tobacco blue mold, caused by the obligately biotrophic oomycete pathogen Peronospora tabacina D.B. Adam (syn. P. hyoscyami de Bary), is a major foliar disease that causes significant crop losses in tobacco-growing areas around the world. Annual losses exceeding $200 million due to blue mold epidemics have been reported in the United States and Canada [5, 6] .
Chemical treatments have been effective in controlling the spread of blue mold disease but given the economic and environmental costs of fungicide application, harnessing host resistance is the most sustainable strategy for reducing potential crop losses from blue mold. Natural genetic variation in host-pathogen interactions is key to the development of disease-resistant cultivars. Unfortunately, natural resistance to P. tabacina is very low in N. tabacum, and most commercial varieties are highly susceptible to blue mold disease [7] . A high level of functional resistance to P. tabacina infection was identified in both N. debneyi and N. goodspeedii and was transferred into cultivated tobacco by crossing [8] [9] [10] [11] . Resistant tobacco varieties were first released beginning in the 1960s. However, the genes identified in the undomesticated species appear to confer only partial resistance to blue mold infection when incorporated into cultivated tobacco through interspecific hybridizations [8, 10, 12] . A possible reason for the weakened immunity is that the expression levels of major genes from these undomesticated species are down-regulated by modifier genes in the tobacco genome [7, 13] . Alternatively, genetic resistance to blue mold in N. debeyi could be determined by multiple factors, but not all of these genes were transferred to tobacco successfully. Nevertheless, both explanations are only speculative at present. Therefore, cloning and characterization of the Nicotiana resistance genes directed against blue mold will not only further our understanding of host resistance to oomycete pathogens but also offer new insights into the optimization of genetic resistance to this destructive disease in tobacco.
Molecular markers closely linked to the blue mold resistance locus (RBM1 hereafter) derived from N. debneyi have been developed and used for marker-assisted selection [9, 14] . Utilization of these markers greatly facilitates tobacco breeding for blue mold resistance. Host responses to P. tabacina are complex and unpredictable under field conditions because multiple factors including plant age, physiological status, and environmental conditions can affect plant reactions to pathogen infection. Consequently, selection solely based on disease phenotype can be misleading. Three sequence characterized amplified region (SCAR) markers, two of which were converted from flanking random amplified polymorphic DNA (RAPD) markers [9] and one that was derived from an amplified fragment length polymorphism (AFLP) marker [14] , have become valuable assets to breeding programs worldwide for the improvement of blue mold resistance in tobacco. However, these SCAR markers are dominant, precluding differentiation of plants that are homozygous from those that are heterozygous at the resistance locus, and their genetic locations are unknown. In this study, we conducted genetic mapping of RBM1 and characterized genetic resistance to P. tabacina, providing a robust foundation for map-based cloning of RBM1 and for engineering RBM1-mediated resistance.
Results

Disease Reaction Assay and Segregation Analysis
Typical symptoms were clearly observed on leaves of TKF (Tennessee Kentucky fertile) 2002 plants six days after spray-inoculation with the pathogen (Supplementary Materials Figure S1 ). The diseased leaves became spotted with grey lesions that subsequently produced areas of abundant downy sporulation on the lower surface, while leaves of the resistant parent TKF 4321 remained healthy at the same time point (Supplementary Materials Figure S1 ). Histological analyses were performed to monitor the course of tissue colonization by P. tabacina. Inoculated leaves were cleared, and pathogen structures were detected by lactophenol-trypan blue staining ( Figure 1 ). No significant differences were noted between resistant and susceptible lines during the pre-penetration events. Spores germinated on the leaf surface and formed appressoria between 1 and 3 h after inoculation (hpi). Following penetration, pathogen colonization proceeded rapidly in susceptible TKF 2002 cells at 48 hpi, but no colonization was observed during this time in cells of the resistant line ( Figure 1A,B ). At 120 hpi, the pathogen produced lemon-shaped sporangia (spores) on tree-like branched structures (sporangiophores) that emerged from the leaf stomata in TKF 2002 ( Figure 1H ). In contrast, pathogen development in TKF 4321 was very restricted. By 72 hpi, only a few hyphae were observed in TKF 4321 leaves ( Figure 1C ). Although more hyphae were detected at 72 and 96 hpi, sporangiophores were never observed in TKF 4321 leaves. Even if sporangiophores were produced in TKF 4321, they would be very rare and difficult to detect. To test whether the hypersensitive response (HR) was involved in host defense, we inoculated tobacco by injecting P. tabacina into the leaves. HR-induced chlorosis was observed at the inoculation sites in TKF 4321, and it limited further development and spread of the pathogen. This was in contrast to the development of a systemic infection beyond the inoculation sites in TKF 2002 (Supplementary Materials Figure S2 ). Therefore, the HR appears to be an important component of RBM1-mediated disease resistance. 
Genetic Mapping of RBM1
Field experiments showed that the relative disease severity caused by P. tabacina infection on F1 plants was intermediate between the two parental lines, suggesting that RBM1 is a semi-dominant gene (Supplementary Materials Figure S3 ). To avoid occasional errors in phenotyping that result from incomplete resistance expressed in the heterozygous F2 plants, we selected the susceptible individuals at the first screening and the resistant individuals at the second screening for genetic mapping. Therefore, although we inoculated a total of 862 F2 plants, only 242 resistant and 168 susceptible plants were used in the mapping of the blue mold resistance gene. The first marker linked to RBM1 we identified is PT61512, which is located on linkage group (LG) 7 and is in repulsion-phase. Taking advantage of the tobacco genetic map constructed by Bindler et al. [15] , we mapped RBM1 against polymorphic SSR markers on LG7 and generated a genetic map ( Figure 2 ). As can be seen from this map, the RBM1 locus is flanked by the two dominant SCAR marker loci developed by Milla et al. [9] . After sequencing these two SCAR markers (Supplementary Materials Table S1), we performed BLAST searches, but no high-quality hit was found in any of the sequenced Nicotiana genomes. The SSR marker loci that are closely linked to RBM1, such as PT61472 and PT51405, are also in repulsion phase, and are present only in blue mold-susceptible TKF 2002. However, heterozygosity of blue mold resistance can be distinguished in a segregating population by using both the coupling SCAR markers and repulsion markers (Supplementary Materials Figure S4 ).
Figure 2.
Genetic mapping of the RBM1 locus on the linkage group 7. The genetic distance (cM) for each molecular marker is indicated on the left side of chromosome. The map is drawn to scale.
Quantitative Analysis of Defense Responses to Blue Mold Infection
Mounting an adequate defense response against an invading pathogen is generally dependent on the fine-tuned perception of pathogen infection and the activation of a gene expression network that results in the production of reactive oxygen species (ROS) and synthesis of pathogenesis-related (PR) proteins. To better characterize RBM1-mediated resistance to P. tabacina, we conducted real time-PCR to quantitatively analyze changes in gene expression for PR1 and PR4, and also for HSR203J, a molecular marker of HR cell death [16] . The expression kinetics for all three genes exhibited a similar trend. The
Discussion
Development of disease-resistant cultivars is an effective way to control diseases if sufficient genetic variation for host resistance is available. When sources of resistance are limited, breeders must turn to the secondary gene pool for species that can hybridize with the cultivated species. Molecular techniques enable the transfer of resistance genes between much more distantly related species. In the Solanaceae, several R genes have been shown to confer resistance reactions to pathogens carrying the appropriate Avr (Avirulence) genes when transferred to other solanaceous species. Transferring tomato Cf-9 to tobacco and potato, pepper Bs2 to tomato, tomato Pto to tobacco, and the tobacco N gene to tomato, demonstrated that Avr-dependent R protein-triggered signaling cascades are conserved in diverse species in the Solanaceae [18] [19] [20] [21] .
Given the scarcity of genetic resources for resistance to blue mold in common tobacco, breeders introgressed blue mold resistance conferred by RBM1 from N. debneyi into tobacco to reduce the potential for losses from this disease. The two SCAR markers developed by Milla et al. [9] provided valuable tools for early selection on breeding for blue mold resistance. However, the SCAR markers are dominant, precluding differentiation of plants that are homozygous from those that are heterozygous at the resistance locus, and their locations in the tobacco genome are unknown. In the present study, genetic mapping indicates that RBM1 is located on LG 7. In addition, the repulsion markers, in combination with the coupling-phase SCAR markers, make it possible to distinguish heterozygosity of blue mold resistance in a segregating population. As a result, marker-assisted selection for blue mold resistance in tobacco will be achieved with improved efficiency.
Although RBM1 contributes significantly to the control of blue mold disease, one pitfall is that RBM1-mediated immunity in tobacco is not as fully functional as it is in N. debneyi. While P. tabacina infection was highly restricted in TKF 4321, hyphae were still produced, although with a reduced occurrence ( Figure 1C ). Thus, while limiting the extent of pathogen spread, RBM1-mediated resistance appears to be temporally slower and of lower amplitude than the typical defense responses conferred by plant resistance (R) genes such as NBS-LRR genes that encode nucleotide-binding site leucine-rich repeat proteins. R gene-mediated disease resistance is often associated with the hypersensitive response (HR), which is characterized by a rapid, localized cell death that serves to suppress pathogen spread at the infection sites. Hand-inoculation of tobacco leaves confirmed that the HR plays a role in defense against P. tabacina infection, in agreement with the induced expression of HSR203J observed in this host-pathogen interaction ( Supplementary Materials Figures S1 and S3 ). It has been demonstrated that the gene product of HSR203J is a serine hydrolase with a potential role in the degradation of harmful compounds [22] . Activation of HSR203J is rapid, highly localized, and is correlated with programmed cell death in tobacco in response to various HR-inducing pathogens or elicitors [23] . Therefore, HSR203J has been used as a marker gene to identify the triggering of the HR-mediated defense response [24, 25] . Activation of this gene is usually observed several hours after pathogen infection. However, transcription of HSR203J was induced at 48 hpi and attained its highest level at 120 hpi in TKF 4321 infected with P. tabacina (Figure 3 ). The molecular basis to explain why the HR is delayed or impaired is presently unknown. The guard hypothesis may provide implications for the transfer of disease resistance. The genetic interaction between R and Avr proteins can be explained by the guard hypothesis [26] . This model seeks to explain how R proteins activate resistance by interacting with another plant protein (a guardee) that is targeted and modified by the pathogen. Defense responses are triggered when the R protein detects an attempt to attack its guardee, which might not necessarily involve direct interaction between the R and Avr proteins. Efforts to transfer R genes from model species to crops, or between distantly related crop species, could be hampered by a phenomenon termed "restricted taxonomic functionality (RTF)" [19] . RTF might be caused by variance or absence of an appropriate guardee, rather than the inability of the R protein to recognize pathogen effectors in a different host [27] . If this is the case, RBM1 alone may not confer full resistance due to the absence of a specific guardee in N. tabacum. Therefore, transfer of guard-guardee pairs might extend the range of R gene functionality and overcome the RTF limitation.
The production of antimicrobial pathogenesis-related (PR) proteins was first identified to function in defense against tobacco mosaic virus (TMV) infection of tobacco plants [28] . PR proteins include hydrolytic enzymes and defensins, which destroy pathogenic microbes through the hydrolysis of pathogen cell walls and disruption of the pathogen membrane, respectively. Genetic studies in Arabidopsis thaliana have shown that distinct sets of PR proteins are induced in response to different pathogens. Dependent on salicylic acid (SA) signaling, PR1a, PR2 (a β-1,3-glucanase), and PR5 (thaumatin) are responsive to biotrophic pathogens, while PR3 (a chitinase), PR4 (a chitinase), and PR12 (a defensin) are induced by necrotrophic pathogens via the jasmonic acid (JA)-dependent signaling pathway [29] . Increased tolerance to the biotroph P. tabacina was demonstrated in transgenic tobacco over-expressing PR1a or β-1,3-glucanase [30, 31] . In our study, quantitative analysis of PR1 and PR4 suggest that both genes are activated in TKF 4321 (Figure 2 ), indicating that a complicated reaction combining defense responses against both biotrophic and necrotrophic pathogens is induced in the host in response to P. tabacina infection. The antagonism between the SA and JA signaling pathways in the plant immune network has been well documented [32] [33] [34] . Therefore, one question raised here is how these two pathways are conciliated to a synergic mechanisms conferring resistance to blue mold in tobacco.
Production of reactive oxygen species, as well as inducible expression of PR1a, are markers of SA accumulation. Elevated H2O2 levels and PR1a gene expression in TKF 4321 ( Figure 3 ) induced by P. tabacina infection indicate that SA-dependent signaling pathways are involved in triggering defense reactions. In the natural environment, plants can be infected simultaneously or sequentially by various pathogens with diverse strategies and lifestyles. The antagonistic interaction between the SA and JA signaling pathways has been proposed to be an efficient mechanism to prioritize one over the other, depending on the type of the invading pest or pathogen. We hypothesize that the exceptional defense signaling in blue mold resistance may result from the rapid rate of colonization and the short life cycle of P. tabacina because sporangiospores can be produced in as few as five days after the initial infection (Figure 1 ). If the HR-induced necrosis is unable to keep pace with hyphal development in leaf tissues, the lesions that result from cell death will expand to cover large areas of the leaf, which is also harmful for tobacco growth. In addition, if the initial infection is not controlled in time, the subsequent production and dispersal of infective sporangia can initiate a disease epidemic. Therefore, both the HR reaction, which is specific to biotrophs, and also the defense response against necrotrophs are activated to restrict the rapid colonization of P. tabacina. In this scenario, SA signaling-mediated systemic acquired resistance (SAR) protects uninfected parts from further damage, and the JA-dependent immune response suppress hyphal development in living tissues outside the necrotic infection sites. A previous observation of the SA-JA synergistic interactions can shed more light on our understanding of blue mold resistance [35] . A synergistic effect of the JA-and SA-dependent signaling pathways was observed when Arabidopsis was treated with low concentrations of JA and SA; however, under higher concentrations the effects were antagonistic, demonstrating that the outcome of the SA-JA interaction is dependent upon the relative abundance of each hormone [35] . We assume that the delayed perception of P. tabacina infection fails to induce high concentrations of JA or SA; accordingly, a synergistic SA-JA interaction was achieved. Convincing evidence for involvement of SA, JA, and PR4 in resistance to blue mold in tobacco is lacking at present, and will almost certainly require a study using transgenic plants.
It has been reported that some accessions of N. langsdorffii, a wild Brazilian tobacco relative, express resistance to P. tabacina infection by developing HR-induced necrotic lesions that eliminate subsequent pathogen colonization and sporulation. This resistance is conferred by a single, dominant gene named NlRPT [36, 37] . Incompatible interactions with P. tabacina have also been identified in N. obtusifolia genotypes expressing HR caused by a single, partially dominant gene known as Rpt1 [38] . Although several sources of genetic resistance to P. tabacina are available, we cannot predict whether the genetic effects mediated by these genes will be intact after transfer to tobacco by hybridization. To better exploit blue mold resistance in exotic relatives of tobacco, we need to characterize the mechanism(s) underlying the weakened immunity in tobacco. As for the incomplete RBM1-mediated resistance expressed in tobacco, our current hypotheses involve impaired effects caused by tobacco modification genes and the unsuccessful transfer of a complete multi-genic system that is responsible for resistance from N. debneyi. Gene cloning and functional analysis of RBM1 will help explain why the complete resistance to P. tabacina infection seen in wild species is reduced in tobacco. Therefore, the genetic mapping of RBM1 described herein will provide a foundation for molecular cloning of this gene and for engineering of RBM1-mediated resistance.
Experimental Section
The Mapping Population
The F2 mapping population was derived from a cross between the two burley tobacco genotypes TKF 4321 (resistant) and TKF 2002 (susceptible). Blue mold resistance in TKF 4321 was inherited from NC-BMR 90, and the ultimate donor of resistance is believed to be N. debneyi [9] . Seedlings of the two parental lines, the F1, and the segregating F2 population were grown in a growth chamber under a 16 h light, 23 °C/8 h dark, 20 °C regime for about six weeks before inoculation with the pathogen.
P. tabacina Culture and Inoculation
P. tabacina isolate KY 79 was used for inoculation in the present study [39] . The isolate was continuously maintained and propagated on eight-to 12-week-old plants of N. tabacum cv. KY 14 as previously described [37] . The infective sporangia were collected and washed three times by filtration with sterile deionized water, with the final concentration being adjusted to 1 × 10 5 spores per ml. Tobacco leaves were inoculated by spraying with the spore suspension, and the inoculated plants were placed in large pre-moistened plastic tubs overnight. Plant reactions to blue mold infection were scored at 7 dpi (days post inoculation) and double-checked at 12 dpi. To investigate whether the hypersensitive response (HR) was involved in RBM1-mediated resistance to P. tabacina, we used inoculated tobacco leaves manually. The undersides of the leaves were nicked with a syringe needle and the inoculum was forced into the apoplast using a 1-ml disposable syringe with no needle. The inoculated plants were scored four days after injection. Incompatible (hypersensitive) responses were observed as areas of brown sunken tissue at the infiltration sites.
Microscopic Analysis of Inoculated Leaves
Cytological analyses were conducted to monitor the progress of tissue colonization by P. tabacina. Inoculated leaves were cleared and fixed in Farmer's fluid (acetic acid/ethanol/chloroform = 1:6:3 v/v), and pathogen structures were detected by trypan blue staining [37, 40] . Trypan blue was dissolved in a 1:2 mixture of lactophenol/ethanol with a final concentration of 0.03% (w/v). Lactophenol was made by adding 10 g of phenol to a mixture of 10 mL of lactic acid, 10 mL of glycerol, and 10 mL of distilled water. Fixed leaves were stained at 100 °C in a water bath for 2 min, followed by de-staining in chloral hydrate solution (2.5 g/mL) at room temperature with gentle shaking prior to being examined with a light microscope.
Quantification of Endogenous Reactive Oxygen Species (ROS) in Tobacco Leaves
The H2O2 concentration was measured according to Chanda et al. [41] . Small leaf tissue samples (~100 mg) were homogenized in 500 μL of 40 mM Tris-HCl (pH 7.5) and centrifuged (10,000 rpm) at 4 °C for 10 min. A 20 μL aliquot of the supernatant solution was added to 80 μL of a mixture consisting of 77 μL 40 mM Tris-HCl (pH 7.5), 2 μL 1 mM DCFDA (2′, 7′-dichlorofluorescin diacetate; Sigma-Aldrich, St. Louis, MO, USA) and 1 μL 20 mg/mL HRP (horse radish peroxidase; Sigma). The samples were incubated for one hour in the dark, and H2O2 levels were measured using a spectrophotometer. The concentration of H2O2 was determined as mmol/mg protein by extrapolating from the standard H2O2 curve. Total protein was measured using the Bradford Assay which contained 10 μL sample supernatant, 90 μL dd H2O and 900 μL Coomassie Protein Assay Reagent (Thermo Scientific, Waltham, MA, USA). H2O2 levels were measured from four independent samples collected from both parental lines at each time point.
Real-Time PCR
Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) from tobacco leaves collected from TKF 2002 and TKF 4321 plants that had been previously inoculated with P. tabacina at 0, 6, 12, 24, 48, 72, 96, and 120 hpi (hours post inoculation). Three biological replicates were performed for each variety at each time point. First-strand cDNA was synthesized using M-MLV Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. Fluorescence PCR amplifications were performed in triplicate using the StepOne real-time PCR system (Applied Biosystems, Grand Island, NY, USA). A 2 µL aliquot of each first strand cDNA equivalent of 20 ng of total RNA was amplified using primer pairs specific to the tobacco actin, HSR, and PR genes in a 20 µL reaction containing 2 μL of each primer (2.5 μM), 8.8 μL of water, and 10 μL of iTaq SYBR Green Supermix with ROX (Bio-Rad, Hercules, CA, USA). The names and sequences of the primers used for real-time analysis in this study are: Actin-Forward, 5′-AGGGTTGCTGGAGATGATG-3′, Actin-Reverse, 5′-CGGGTTAAGAGGTGCTTCAG-3′; PR-1aF, 5′-GGATGCCCATAACACAGCTC-3′, PR-1aR, 5′-GCTAGGTTTTCGCCGTATTG-3′; PR-4rtpF, 5′-GGCCAAGATTCCTGTGGTAGAT-3′, PR-4rtpR, 5′-CACTGTTGTTTGAGTTCCTGTTCCT-3′. Amplification conditions were: denaturation at 95 °C for 2 min, followed by 35 cycles of 95 °C for 30 s, 51 °C for 30 s, and 72 °C for 30 s, with a final extension at 72 °C for 5 min.
Genetic Mapping and Marker Design
We initially mapped SSR (simple sequence repeat) markers with known genetic positions to localize the approximate position of RBM1, based on the high-density genetic linkage map of tobacco [15] . Additional markers were then developed from tobacco genome sequence contigs that harbor mapped SSR markers [1] . Only susceptible plants from the initial scoring and resistant plants from the second scoring were used for genetic mapping. The initial mapping population consisted of 93 F2 plants. The size of the mapping population was increased to include 415 susceptible individuals for fine mapping. The genetic linkage map was constructed with Mapmaker version 3.0 [42] (Lander et al. 1987 ). All markers described in this paper are listed in Table 1 . 
Conclusions
In the present study, we characterized the RBM1-mediated resistance to blue mold, a destructive disease in tobacco. Concomitant with elevated H2O2 levels and PR1a gene expression, hypersensitive response (HR) plays an important role in the host defense reactions. Although RBM1 confers completed resistance to P. tabacina in the original donor, N. debneyi, field experiments showed that RBM1 is a semi-dominant gene with incomplete immunity in tobacco. Genetic mapping indicated that this disease resistance gene resides on chromosome 7. Therefore, our work described herein will enable the molecular cloning of this gene and the engineering of RBM1-mediated resistance.
